Hydrogen served as an electron donor in the reductive dechlorination of tetrachloroethene to vinyl chloride and ethene over periods of 14 to 40 days in anaerobic enrichment cultures; however, sustained dechlorination for more extended periods required the addition of filtered supernatant from a methanol-fed culture. This result suggests a nutritional dependency of hydrogen-utilizing dechlorinators on the metabolic products of other organisms in the more diverse, methanol-fed system. Vancomycin, an inhibitor of cell wall synthesis in eubacteria, was found to inhibit acetogenesis when added at 100 mg/liter to both methanol-fed and hydrogen-fed cultures. The effect of vancomycin on dechlorination was more complex. Methanol 
Chlorinated ethenes (ETHs) are widely used as solvents and chemical feedstocks. Not surprisingly, groundwater contamination by chlorinated ETHs has become a serious problem in the industrialized world. A 1984 survey of water supplies in the United States listed tetrachloroethene (PCE), trichloroethene (TCE), and the three dichloroethene (DCE) isomers as the five most frequently found contaminants, other than trihalomethanes (25) . These compounds pose a public health concern and are therefore regulated by the 1986 amendments to the Safe Drinking Water Act (9) .
Fully chlorinated compounds (such as PCE), which appear to be recalcitrant in aerobic environments (10, 20, 23) , have been shown to be readily dechlorinated in anaerobic systems via a reductive dehalogenation mechanism (5, 12, 21) . Complete, stepwise, reductive dechlorination of PCE to ETH is possible, as demonstrated in studies conducted with mixed PCE-methanol (MeOH) methanogenic enrichment cultures (12) .
We recently reported the complete dechlorination of high concentrations of PCE to ETH by an MeOH-fed anaerobic enrichment culture (5) . An added PCE concentration of 550 ,uM was routinely dechlorinated to 80% ETH and 20% vinyl chloride (VC) within 2 days at 35°C. The observed transformations occurred in the absence of methanogenesis, which was apparently inhibited by the high concentrations of PCE. An electron balance demonstrated that MeOH consumption was completely accounted for by dechlorination (31%) and acetate production (69%). The high rates of PCE dechlorination-up to 1.24 mg of PCE per mg of volatile suspended solids per day (4)-and the relatively large fraction (ca.
one-third) of the supplied electron donor used for dechlorination suggest that reductive dechlorination could be ex-* Corresponding author. ploited for the bioremediation of sites contaminated by chlorinated ETHs.
The promise of anaerobic bioremediation for chlorinated ETHs has not yet been realized, largely because of a lack of understanding of microbiological fundamentals. Despite nearly a decade of study, we still do not know the roles played by general categories of microorganisms inhabiting mixed-culture, dechlorinating enrichments (methanogens and acetogens, etc.). We know little about nutritional and process requirements, including the identities of the immediate reductants involved in the dechlorination processes. Consequently, we cannot explain the observed variability in the extent of transformation among many field and laboratory studies. PCE transformation stops sometimes at TCE (7, 14) but in other instances at DCEs (22) or VC (24) ; some field and laboratory studies have demonstrated complete dechlorination to ETH (5, 12, 19) . It is clear that process reliability awaits a better understanding of process fundamentals. A better fundamental understanding would also facilitate modeling of the in situ fate of chlorinated ETHs.
Glucose, acetate, formate, MeOH, and hydrogen have each been shown capable of sustaining the reductive dechlorination of PCE (12) , as have lactate, propionate, crotonate, butyrate, and ethanol (13) . More exotic reductants, such as toluene (22) and dichloromethane (11) , also have been observed to support the dechlorination of PCE. The fact that such a wide variety of electron donors sustains dechlorination suggests that it may be the simplest-hydrogen-that serves as the direct electron donor for the process; the other, more complex donors may merely serve as precursors for hydrogen formation via fermentative metabolism (13) .
In this paper, we present a further characterization of our Cultures and enrichment procedures. All experiments were conducted with 100-ml culture suspensions in duplicate 160-mi serum bottles. Duplicates always performed similarly; therefore, the figures depicted are representative. Teflon-lined butyl rubber septa were held in place with aluminum crimp caps to maintain anaerobic conditions. The integrity of the septum-seal system with regard to retaining PCE was verified with PCE-water controls, and the role of microbial (versus abiotic) activity in mediating the observed reductive dechlorination of PCE has been demonstrated (12) . The bottles were incubated at 35°C with liquid in contact with the septa to minimize losses of volatile compounds. Bottles that received MeOH were incubated quiescently, whereas hydrogen-fed bottles were incubated in an orbital shaker bath to facilitate the transfer of hydrogen to the liquid phase. Neat PCE was added directly to serum bottles to achieve an initial concentration of 0.55 mM or 91 mg/liter (a nominal concentration arrived at by ignoring headspace-liquid partitioning within bottles; the actual aqueous concentration was approximately 60% of the nominal concentration [15] ). The quantity of PCE added to a culture bottle in neat form was estimated directly from the delivered syringe volume.
A 6-liter PCE-MeOH enrichment culture was maintained at 35°C as an inoculum source for a variety of studies conducted with 160-ml serum bottles. The source reactor was a stirred, 9.6-liter bottle containing 6 liters of liquid and sealed with a Teflon-lined rubber gasket and a stainless steel plate (4) . The inoculum for the 6-liter culture was the anaerobic (nonmethanogenic) enrichment culture that had developed the ability to dechlorinate high concentrations of PCE to ETH (5). The 6-liter culture was prepared by adding 200 ml of inoculum to 5.8 liters of basal salts medium in the 9.6-liter bottle. The basal medium contained (among other constituents) Na2S and FeCl2 as reductants and bicarbonate as a pH buffer; the recipe was modified from that described previously (12) : the NaHCO3 concentration was increased to 6 g/liter, and yeast extract was omitted. Every 2 days, the following procedures were performed on the 6-liter source culture: headspace analysis was completed, gas production was measured, and produced gas was vented; the culture was thoroughly purged via two cannulas with 70% N2-30% CO2 for 15 min to remove VC and ETH, which would otherwise accumulate to inhibitory levels; 600 ml of basal medium was anaerobically transferred to the reactor; the reactor contents were vigorously mixed; 600 ml of the mixed culture was removed; and the reactor received (via a syringe) 9 served as the mobile phase and was pumped through the 300-mm column at 0.7 ml/min and through the Fast-Acid column at 0.8 ml/min. The 300-mm column was fitted with a water jacket that kept the temperature at 65°C, while the Fast-Acid column was used at an ambient temperature.
Sample preparation included filtration (0.45-p1m-pore-size filter), acidification, and refrigeration. Standard calibration curves were developed for formate and acetate. Peak area responses from subsequent samples were compared with the standard curves to obtain formate and acetate concentrations.
RESULTS
Hydrogen as an electron donor for PCE reduction. We first tested whether H2 can serve as an electron donor for PCE dechlorination in short-term studies. PCE-MeOH cultures in 160-ml serum bottles were switched from MeOH to H2 as the electron donor and incubated in a shaking water bath. The dose of H2 used was twofold in excess of the stoichiometric requirement for the complete dechlorination of PCE to ETH (as had been true of the MeOH doses preceding the switch). As shown in Fig. 1 These initial studies demonstrated that hydrogen could serve as an electron donor for PCE dechlorination-at least over the short term-in bottles started with a 100% inoculum from the PCE-MeOH culture. We next prepared a more rigorous test of hydrogen, this time starting with a 10% PCE-MeOH inoculum and extending the study over 90 days to investigate possible nutritional deficiencies that might arise from the utilization of hydrogen in place of MeOH. Figure 2 shows the performances of hydrogen-fed and MeOH-fed bottles. VC production and ETH production in the hydrogen-fed and MeOH-fed bottles were similar for the first 10 days. ETH production in the hydrogen-fed bottles diminished to insignificant levels by day 10. VC production continued; however, residual PCE was routinely detected. By contrast, the MeOH-fed bottles transformed each PCE dose (after day 20) to VC and ETH. TCE was rarely detected, and insignificant levels of DCEs were produced. As the study progressed, the hydrogen-fed bottles experienced a progressively diminishing ability to dechlorinate. Note from Figure 2 the dramatic increase in TCE levels beginning after day 35. It seemed that hydrogen could serve as an electron donor but could not sustain PCE reduction.
The inability to sustain dechlorination to VC and ETH could have been due to a lack of growth factors in the hydrogen-fed bottles-factors that may have been produced in the MeOH-fed bottles. Serum bottles were prepared with filtered culture supernatant from a PCE-MeOH enrichment culture to test this hypothesis. The 6-liter PCE-MeOH culture provided seed organisms for this experiment. The PCE-MeOH culture (100 ml) was centrifuged, and the resultant supematant was removed. The inoculum pellet was suspended in sufficient filtered culture supernatant to restore the 100-ml liquid volume. A batch mode of operation was adopted to avoid dilution of the presumed growth factors contributed by the supernatant diluent. Every 2 days, after headspace analysis, purging and feeding were done as described above.
The results (not shown) indicated that hydrogen-fed bottles could sustain dechlorination when treated with a filtered culture supernatant approximately every 30 days (4) . To demonstrate that hydrogen (as opposed to the filtered culture supernatant) was supplying reducing equivalents for the dechlorination of PCE to ETH, we withheld hydrogen from the bottles on an every-other-feeding basis from day 96 onward. The purging procedure and PCE and yeast extract additions were done during every feeding. Incubation intervals with hydrogen resulted in the conversion of all added PCE to VC and ETH, with more ETH than VC being formed. During intervals in which hydrogen was withheld, 20 to 30 ,umol of residual PCE was detected, and ETH production was insignificant.
Application of inhibitors to MeOH-and hydrogen-fed cultures. Inhibitors were applied to the PCE-MeOH or PCE-H2 cultures to investigate the roles of different microbial populations in PCE reduction. Vancomycin is an inhibitor of cell wall synthesis in eubacteria to which methanogens are usually insensitive (1). Although methane production was low in the high-PCE culture, this fact alone does not rule out a role for methanogens in PCE reduction. BES, considered a selective inhibitor of methyl coenzyme M reductase, the enzyme that catalyzes the final step in methanogenesis (16) , was therefore used to inhibit methanogenesis in the high-PCE culture.
The performance of an MeOH-fed bottle receiving no inhibitors is shown in Fig. 3 . VC production and ETH production were steady up to day 14; afterwards, VC production decreased slightly as ETH production increased.
Insignificant levels of TCE and DCEs sometimes occurred, and residual PCE was never detected. MeOH metabolism and the resultant products are shown in Fig. 3b , as is a summation of dechlorination products, to allow comparison with the usage of MeOH, the presumed electron donor.
Residual MeOH was never detected, so the amount of PCE reduction and hydrogen metabolism in a bottle receiving no inhibitors are shown in Fig. 4 . PCE reduction to VC and ETH occurred during every incubation interval.
Insignificant levels of DCEs sometimes occurred; TCE or residual PCE was never detected. VC production was higher than that of ETH up to day 15; VC production and ETH production were similar thereafter. (The superiority of the dechlorination in this hydrogen-fed system to that in the system depicted in Fig. 2a was doubtless due to the 10-fold- (Fig. 3) , as expected. However, after BES addition on day 27, VC Time (days) production and ETH production were low. TCE and DCEs PCE reduction (a) and hydrogen metabolism (b) in a accumulated, but residual PCE did not. A similar inhibition fed culture amended with vancomycin.
of dechlorination was observed with a hydrogen-fed system. cin-amended bottle are shown in Fig. 6 . Figure 6a indicates that PCE reduction by this hydrogen enrichment culture continued in the presence of vancomycin. VC production was similar to that in hydrogen-fed bottles receiving no vancomycin (Fig. 4) throughout the study. ETH production was similar up to day 16 but declined to low levels by day 27. TCE and DCEs were detected on day 34; residual PCE was never observed. Inhibition of acetogenesis by vancomycin was apparent from the low levels of acetate production shown in Fig. 6b (a vertical scale smaller than that of Fig. 4b was used for clarity). Since it is possible that the low levels of acetate detected in vancomycin-amended bottles were due to consumption by aceticlastic methanogens rather than inhibition of acetogenesis, bottles containing hydrogen and vancomycin were later dosed with BES and did not accumulate acetate (results not shown), making it unlikely that aceticlastic methanogens were consuming acetate being produced in these cultures. The products of PCE reduction accounted for nearly 60% of the hydrogen use in vancomycin-amended bottles. Methane production represented a significant fraction of the remainder of hydrogen use, primarily from days 0 to 20. Methane production declined after day 19; however, the levels of PCE reduction products (primarily VC) continued to increase. Residual hydrogen was routinely detected in the vancomycin-amended bottles. Hydrogen did not accumulate, since it was removed during purging. All hydrogen-fed bottles began each incubation interval with an equivalent hydrogen dose. Thus, the dechlorinating performance of the vancomycin-treated PCE-hydrogen cultures was similar to that of cultures not treated with vancomycin, while acetogenesis was strongly inhibited and methanogenesis was stimulated.
DISCUSSION
Hydrogen was able to serve as the electron donor in the reductive dechlorination of PCE to VC and ETH over periods of 14 to 40 days; however, sustained dechlorination for more extended periods required the addition of filtered culture supernatant from a presumably more diverse, MeOH-fed system. This result suggests a nutritional dependency of hydrogen-utilizing dechlorinators on the activities of other organisms.
MeOH-PCE and H2-PCE systems without vancomycin or BES performed similarly with respect to electron donor use; acetate production accounted for a majority of reducing equivalents, with the remainder being accounted for by PCE reduction. The predominance of acetogens in the inoculum was also evident from the MeOH-and hydrogen-fed bottles from which PCE was withheld (data not shown). MeOHutilizing methanogens were apparently present in much lower numbers than MeOH-utilizing acetogens; acetateutilizing methanogens were virtually absent.
Vancomycin effectively inhibited acetogenesis in MeOHand hydrogen-fed bottles of all types. Vancomycin is a eubacterial peptidoglycan synthesis inhibitor, is bacteriocidal, and is more effective against gram-positive than gramnegative eubacteria (1, 17) . It is unlikely that vancomycin directly inhibited acetogenesis in the cultures but rather the inhibition was probably due to the bacteriocidal effects of vancomycin on acetogens, most of which are gram positive (18) . The major MeOH-utilizing acetogen detected in the culture was a gram-positive coccus that was present in numbers exceeding 107/ml (26) . (13) ; and even cocontaminants, such as toluene (22) or dichloromethane (11) . All likely produce at least a small pool of hydrogen, and a small pool would be sufficient to transform parts-per-billion levels of PCE. For the bioremediation of relatively high PCE levels, electron donors that cause the production of a large H2 pool should be selected or methods that directly use H2 should be devised. One caveat is the apparent nutritional dependency of H2-utilizing dechlorinators on other organisms that we observed. If dechlorinating organisms in other systems have the same or similar nutritional requirements, the required nutritional factor(s) must be identified and abiotically supplied, or it may be impossible to exclusively target electron donors solely to the dechlorinators.
